We introduce strong and electromagnetic interaction selection rules for the two-body decay and production of exotic J P C = 0 +− , 1 −+ , 2 +− , 3 −+ . . . hybrid mesons, four-quark states and glueballs. The rules arise from symmetrization in states. Examples include various decays to η ′ η, ηπ, η ′ π and π ± π 0 . The symmetrization rules can discriminate between hybrid and fourquark interpretations of a 1 −+ signal.
In the following we shall be interested in fully relativistic two-body strong and electromagnetic decay and production A ↔ BC processes in the rest frame of A. Since strong and electromagnetic interactions are considered, we assume charge conjugation C and parity P conservation, but not in general isospin symmetry. For simplicity we shall usually refer to the decay process A → BC, but the statements will be equally valid for the production process A ← BC. We shall restrict the states A, B and C to some assumed leading combination of "valence" quarks with arbitrary gluonic content, except when sea components are explicitly considered. The strong interactions include all interactions described by QCD. The quarks and antiquarks in A are assumed to travel in all possible complicated paths going forward and backward in time and emitting and absorbing gluons until they emerge in B and C. We shall restrict B and C to angular momentum J = 0 states with valence QQ quark content and arbitrary gluonic excitation, i.e. to hybrid or conventional mesons. B and C can be radial excitations or ground states, with J P = 0 − or 0 + . If C-parity is a good quantum number, J P C = 0 −+ , 0 +− , 0 ++ or 0 −− are allowed. Since 0 −+ ground state meson states B and C are most likely to be allowed by phase space, they are used in the examples. We assume that states B and C are identical in all respects except, in principle, their flavour and their equal but opposite momenta p B ≡ p and p C ≡ −p. Hence B and C have the same parity, C-parity, radial and gluonic excitation, as well as the same internal structure.
The three symmetrization selection rules for various topologies are clearly stated in the next section, where we proceed to derive the rules.
Symmetrization selection rules
For the leading theory of the strong interactions, QCD, a decay or production amplitude is a linear combination of products of colour C and flavour F overlaps, and the "remaining" overlap J . For reasons that will soon become evident, we shall be interested in the exchange properties of these overlaps when the labels (e.g. parity, C-parity, radial and gluonic excitation, and internal structure) that specify the states B and C are formally exchanged, denoted by B ↔ C. For example, C B↔C denotes the effect of exchanging the colour labels of B and C.
We are only interested in decays where B and C have the same colour content, i.e. the way the quarks and gluons couple to form the total colour singlet state required by QCD is identical. For a conventional meson the quarks and antiquarks are in 3 and3 representations. In an adiabatic picture [4, 5] the same holds when B and C are hybrid mesons. In a constituent gluon picture hybrid mesons B and C have the colour coupling of an 8 gluon with 3 quarks and3 antiquarks.
As long as the colour content of B and C is identical we trivially have C B↔C = C.
When we exchange p → −p, we equivalently exchange p B ↔ p C . But since all other aspects (other than flavour) of B and C are the same, it is in fact equivalent to exchanging labels B ↔ C for every property in the remainder of the state. So p → −p is equivalent to J ↔ J B↔C .
We shall be interested in processes where the amplitude 1 is in principle the sum of two parts
The amplitude is the sum of two parts for the coupling of (hybrid) mesons and four-quark states shown in Figs. 1, 2, 4 -7, since there is always either the possibility that a quark Q in A would end up in the particle with momentum p and the possibility that it would end up in the particle with momentum −p, corresponding to A and A B↔C respectively.
where we used C B↔C = C and defined F B↔C ≡ f F. We shall only be interested in cases where f = ±1, and where both F and F B↔C are non-zero. If f = (−1) L+1 , where L is the partial wave between B and C, it follows from Eq. 2 that p → −p implies that
Since in L-wave under p → −p we have by analyticity that
that A tot (p) vanishes. This is the symmetrization selection rule, arizing due to symmetrization in states B and C.
We now find necessary and sufficient conditions for the requirement f = (−1) L+1 . Since B and C are identical (except possibly in flavour) they have the same parity, and we conclude that for a parity allowed process, P A = (−1) L . We shall show in subsections 1.1 -1.4 that for various flavour scenarios f = C 0 A . For a neutral state, C 0 A is just the C-parity of the state. For charged states (with no C-parity), we assume that at least one of the states in the isomultiplet it belongs to has a well-defined C-parity, denoted by C 0 A . Hence
i.e. state A is CP odd. Since states B and C both have J = 0, it follows by conservation of angular momentum that an L-wave decay would necessitate J A = L. Hence states A have
. ., which are exotic J P C not found in the quark model. So A is not a conventional meson.
We now show that f = C 0 A .
Indistinguishable flavours
The The remaining cases for which f = C 0 A are discussed in the following subsections. The corresponding symmetrization selection rules are then stated.
Connected hybrid meson coupling
The possible hybrid decay topologies are 1 -3, but we focus here on the connected topology 1.
Indistinguishable flavours:
where Π 0 denotes a u, d quark neutral isovector state (e.g. uū − dd), and Ω an isoscalar state (e.g. uū + dd). In the examples listed the decay topology always has the effect of selecting indistinguishable uū uū, dd dd or ss ss subcomponents of the states B and C, as required.
With isospin symmetry: If we assume isospin symmetry for u, d, then by G-parity conservation
C because the C-parities of B and C are identical. It can, however, by explicit calculation be verified that f = (−1)
Connected four-quark coupling
We now discuss a four-quark state A, which is not a molecular bound state of two mesons. The possible four-quark decay topologies are 4 -8. Here we focus on the connected topologies 4 -6. where e.g. KK includes K + K − and K 0K 0 . Another application is to flavour components of state A e.g. uūuū, dddd → π 0 η, π 0 η ′ .
With isospin symmetry:
If we assume isospin symmetry for u, d, the arguments are similar to §1.2, noting that f = (−1) I A +I B +I C (see Appendix) [6] .
Examples:
where ℑ denotes an isotensor.
Symmetrization 
Non-connected coupling
We now study the non-connected topologies 2 and 7. For the topologies 3 and 8, and the glueball topology 9, it naïvely appears that A B↔C is not topologically distinct from A, invalidating the application of symmetrization arguments. Although there exists diagrams in perturbative QCD with this property, the majority of diagrams have A B↔C topologically distinct from A. For the latter diagrams we proceed to apply symmetrization arguments. Symmetrization selection rules where states B and C are in a "half doughnut" topology (as in topology 3b) can be shown to apply only for decays already known to vanish by CP convervation, so we only proceed to consider states B and C in a "raindrop" topology (as in topology 3a). From the Appendix f = 1. Since states B and C have identical C-parities, we have
Examples: Neutral isoscalar hybrids (Ω, ss, cc, bb), four-quark states (Ω, ssss, KK, DD, BB, D sDs , B sBs ) and glueballs
Symmetrization selection rule III: Non-connected decay and production in topologies 3 and 8 -9 of a J P C = 1 −+ , 3 −+ , . . . hybrid, four-quark state or glueball to two J = 0 hybrid or conventional mesons B and C which are identical in all respects, except possibly flavour, vanish.
The statement only holds when the B ↔ C exchanged diagram is topologically distinct from the original diagram. Isospin symmetry is not assumed.
Breaking of symmetrization selection rules
If we do not assume isospin symmetry, the possibility of different strengths of pair creation for different flavours does not break the selection rules.
Suppose that the states B and C have some factorizable property 2 F H , which can be factored in front of the amplitude as F B F C . The arguments in Eq. 2 would still be valid, since F B F C is invariant under B ↔ C, even if F B = F C . Particularly, states have energy dependence F H = exp iE H t due to time translational invariance. Hence different energies or masses for B and C does not explicitly break the validity of the arguments.
It is clear that states B and C with different internal structure, indirectly related to them having different masses and energies, would break the symmetrization selection rules. Corrections of this nature are found to be small in models [5, 7, 8] as long as the J = 0 states B and C have the same radial excitation, and substantial otherwise. This is accord with expectations since we expect different radial excitations in B and C to invalidate the selection rules. When off-shell states B and C are allowed, breaking of the rules could be more substantial [5] , enabling offshell meson exchange as a potentially significant exotic hybrid, four-quark or glueball production mechanism, e.g in πN → J P C N with low energy π exchange. A special case is decays of hybrid or four-quark 0 +− , 1 −+ , . . . Π ± , ℑ ± → π ± π 0 which vanish by isospin symmetry in all possible topologies to which it contributes (topologies 1, 4 and 6),
Summary of symmetrization selection rules
including isoscalar sea components in the case of hybrid A [6] .
The selection rules derived in this letter go beyond well-known selection rules, because they depend upon the specific flavour content of the states, and on the production or decay topology.
For ground state pseudoscalar mesons B and C, selection rules are found for η ′ η, ηπ, η ′ π [3, 9] , 
Comments and Phenomenology
Assuming the same internal structure for η, η ′ and π, we predict the connected decays of valence and u, d sea components in hybrid 1 −+ → ηπ, η ′ π to be negligible [6] . If the OZI suppression of non-connected decays of mesons can be extrapolated to hybrids, a small non-connected contribution is expected. It is significant that QCD sum rule calculations consistently predict a tiny ηπ mode, e.g. ∼ 0.3 MeV (versus 600 MeV for ρπ and 300 MeV for K * K) [10] and small η ′ π of 4 MeV [10] or 3 MeV (versus ρπ of 270 MeV and K * K of 8 MeV) [11] . The relative size 3 of ηπ and η ′ π is consistent with a selection rule based on SU(3) flavour symmetry [1, 9] . Ref. [12] also notes that ηπ, η ′ π are "suppressed" relative to ρπ of 10 − 100 MeV. In addition, ref. [11] notes that ππ is "suppressed", consistent with the claim of this letter that within isospin symmetry, this connected decay should vanish even for sea components [6] .
We note that if 0 +− , 1 −+ , . . . light u, d four-quark systems exist, not only are their (domi-nant) quark rearrangent topologies 4 and 5 to pseudoscalars suppressed, but also topology 6 [6] .
Hence decays only happen through (suppressed) non-connected topologies, confirmed by a model calculation [8] . We hence naïvely expect e.g. the ηπ mode of a 1 −+ exotic be similar whether it is a hybrid or four-quark state. It has, however, been noted [9] that uū, dd components of a four-quark state can in perturbation theory be expected to mix substantially via single gluon exchange with ss, although flavour mixing of this kind has been found to be < ∼ 10% in a model calculation [13] . possibly decaying to ηπ but absent in ρπ has been reported [14] . There is recent preliminary evidence [15] for a resonance with similar width and decay patterns. If the 1 −+ state is indeed significantly produced, the ηπ mode may discriminate against the hybrid interpretation, since only the (suppressed) non-connected topology 2 contributes. However, the mode may be due to a ss component in a four-quark state. Since the ss components in η and η ′ are nearly the same, and due to P-wave phase space, we expect η ′ π < ηπ [9] .
A subset of the rules has explicitly been shown 5 to arise in QCD field theory [2] . 
A Appendix: Flavour Overlaps
The flavour state is
4 Assuming a small ρπ coupling. Modes to K * K, ρη, f 2 π, f 1 π, b 1 π are near the edge of phase space. 
which under B ↔ C gives f = 1.
